Cultivation of primary hepatocytes as spheroids creates an efficient three-dimensional model system for hepatic studies in vitro and as a cell source for a spheroid reservoir bioartificial liver. The mechanism of spheroid formation is poorly understood, as is an explanation for why normal, anchorage-dependent hepatocytes remain viable and do not undergo detachment-induced apoptosis, known as anoikis, when placed in suspension spheroid culture. The purpose of this study was to investigate the role of E-cadherin, a calciumdependent cell adhesion molecule, in the formation and maintenance of hepatocyte spheroids. Hepatocyte spheroids were formed by a novel rocker technique and cultured in suspension for up to 24 h. The dependence of spheroid formation on E-cadherin and calcium was established using an E-cadherin blocking antibody and a calcium chelator. We found that inhibiting E-cadherin prevented cell-cell attachment and spheroid formation, and, surprisingly, E-cadherin inhibition led to hepatocyte death through a caspase-independent mechanism. In conclusion, E-cadherin is required for hepatocyte spheroid formation and may be responsible for protecting hepatocytes from a novel form of caspase-independent cell death.
INTRODUCTION
cules on adjacent cells, is therefore a likely candidate required for spheroid formation and maintenance. E-Cadherin, one of the most important and well-stud-We have previously shown that spheroids of primary (nontransformed) rat hepatocytes can be formed rapidly ied cell adhesion proteins, is a known factor involved in anoikis (5) . The loss of E-cadherin adhesions has been and efficiently using a rocked suspension technique (2). Under these conditions, freshly isolated rat hepatocytes implicated in the induction of anoikis in tumorigenic epithelial cells (6) and during the normal shedding of the aggregate spontaneously to form spheroids of 60-120 µm diameter by 24 h and viability exceeding 95%. As intestinal epithelial cells at the villus tip (3). Therefore, we asked whether E-cadherin was required for spheroid previously shown by others (1), differentiated hepatocyte functions were better maintained in spheroid cul-formation and as a necessary step to protect hepatocytes from anoikis cell death. Our findings suggest that E-ture. However, cell loss became problematic over extended culturing periods. While culturing hepatocytes in cadherin was required both for spheroid formation and the protection of hepatocytes from cell death under an-anchorage-independent conditions has many advantages, little is known about how this cell loss occurred over chorage-independent rocked spheroid conditions. In contrast to previous studies, our results suggest that cell time. Anchorage-independent spheroid cell cultures, such as our novel rocked culturing technique (13), rely death can occur via a caspase-independent mechanism. upon calcium-dependent cell-cell adhesions for survival and function, which occur in the absence of an extracel-MATERIALS AND METHODS lular matrix. An apoptotic mechanism of cell death occurs when cells lose their attachment from the extracel-Animals were housed in the Mayo Clinic vivarium and provided ad lib access to water and standard chow. lular matrix or other cells is known as anoikis (4,7,18). E-Cadherin, a calcium-dependent transmembrane pro-All animal procedures were performed under the guidelines set forth by the Mayo Foundation Animal Care and tein that binds homophilically to other E-cadherin mole-1282 LUEBKE-WHEELER ET AL.
Use Committee and are in accordance with those set instructions. Fixed cells were embedded as a fibrin clot in paraffin and 4-µm sections were transferred to glass forth by the National Institutes of Health.
slides. Tissue sections were dewaxed and stained either Rat Hepatocyte Isolation with hemotoxylin and eosin (H&E) or by terminal deoxynucleotidyl-transferase (TdT)-mediated biotinylated Hepatocytes were isolated from male Sprague-Dawley rats (250-300 g; Harlan, Indianapolis, IN) by a two-(dUTP) nick-end labeling (TUNEL). TUNEL staining was performed using a commercially available in situ step perfusion method as previously described (16). All harvests yielded hepatocytes with viability exceeding apoptosis detection kit (Roche Diagnostics), as per manufacturer's instruction. Tissue samples were analyzed by 90% as determined by trypan blue dye exclusion. epifluorescence microcopy (Axioscope, Carl Zeiss Inc.) Spheroid Cultures and Conditions configured for fluorescein and 4′-6-diamidino-2-phenylindole (DAPI). DAPI counterstaining was utilized to as-Freshly isolated hepatocytes were suspended in culture medium [William's-E medium supplemented with sess nuclear morphology of cells positive by TUNEL staining (green nuclei). Percent cell death was deter-10% fetal bovine serum (FBS; Mediatech, Inc.), 10 U/ ml penicillin G, 100 µg/ml streptomycin, 10 µg/ml insu-mined from the ratio: (TUNEL positive nuclei/DAPI positive nuclei) × 100%. lin, 5.5 µg/ml transferrin, 5 ng/ml sodium selenite] at a concentration 1 × 10 6 viable cells/ml. Suspended hepato-Western Blot Analyses cytes were inoculated into spheroid dishes (10 × 8 × 2
Protein extracts were prepared using standard techcm) custom made with glass and siliconized with Signiques. The extracts were subjected to sodium dodecyl macote (Sigma). Spheroid dishes were placed in the insulfate polyacrylamide gel electrophoresis, transferred to cubator and rocked continuously at 0.25 Hz frequency nitrocellulose, and probed with 1:1000 dilution of rat to induce spheroid formation and maintain suspension anti-caspase-3 polyclonal antibodies (Cell Signaling of spheroids. All culture conditions were maintained in Technology) or 1:500 dilution of goat anti-actin polya 37°C incubator with 5% CO 2 . Freshly isolated hepatoclonal antibody (Santa Cruz Biotechnology Inc.). Immucytes were cultured for 24 h under control conditions, noblots were developed using enhanced chemilumines-200 µg/ml mouse IgG1 (2C11) (Santa Cruz), 10 µM Qcence (ECL) reagents (Amersham Pharmacia Biotech, Val-Asp-OPh (QVD-OPH) (MP Biochemicals), 10 mM Buckinghamshire, UK) after incubation with horseradish L-carnitine hydrochloride (Sigma), or E-cadherin inhibiperoxidase-conjugated secondary goat anti-rat IgG or tory conditions using either 2.5 mM ethylene glycol donkey anti-goat IgG antibodies (Biosource Internatetra-acetic acid (EGTA) or 10 µg/ml E-cadherin inhibitional). tory antibody (Santa Cruz). Spheroids of hepatocytes were sampled at 6, 12, and 24 h.
Statistical Methods Morphometrics of Hepatocyte Spheroid Formation
Results are expressed as mean values ± SEM. Statistical significance between different culture conditions Representative 1-ml samples were removed from was determined by analysis of variance (ANOVA) with spheroid dishes to determine spheroid diameter using a Bonferroni correction of pairwise comparisons. Multisizer 3 (560 µm aperture; Beckman Coulter).
RESULTS

Electron Microscopy
E-Cadherin Is Required for Spheroid Formation Spheroids were examined by transmission electron microscopy. Briefly, samples of spheroids were pre-To evaluate the role of E-cadherin in spheroid formation of isolated primary rat hepatocytes we inhibited the served in Trump's fixative (1% glutaraldehyde and 4% formaldehyde in 0.1 mol/L phosphate buffer, pH 7.2) ability of E-cadherin to form homodimers among adjacent hepatocytes either by using 2.5 mM EGTA to re-and sectioned by the Electron Microscopy Core Facility (Mayo Clinic, Rochester, MN). Sections (90 nm) were move extracellular calcium or by adding an E-cadherininhibiting antibody (Fig. 1A) . All observations were placed on 200-nm mesh copper grids and stained with lead citrate. Micrographs were taken with a JEOL 1200 made during the initial 24 h of hepatocyte culture and spheroid formation. EXII electron microscope operating at 60 kV.
We first observed that spheroid diameter decreased Cell Death Analyses in the presence of increasing amounts of E-cadherin inhibiting antibody (Fig. 1A) . The maximum inhibitory ef-Hepatocytes were sampled from rocking culture conditions and either fixed in 4% paraformaldehyde or as-fect was observed at 10 µg/ml of E-cadherin-inhibiting antibody. To determine whether reduced spheroid diam-sessed for caspase activity using the Apo-ONE Homogenous Caspase-3/7 Assay (Promega), as per manufacturer's eter was a result of cell death, transmission electron mi- croscopy (TEM) was performed to identify ultrastructural changes indicative of apoptosis ( Fig. 1B-G) . Figure  1B shows the ultrastructure of a control spheroid (IgG treated) after 24 h. Day 1 control spheroids had tight aggregated spherical morphology with tight junctions between adjacent cells (Fig. 1E ). Cells within a spheroid exhibited distinct nuclei (n) with peripherally localized euchromatic chromatin, abundant mitochondria, and rough endoplasmic reticulum. E-cadherin-inhibited hepatocytes had distinct cell death morphologies as indicated by the presence of apoptotic bodies (Fig. 1F ) and necrotic cells (Fig. 1G ). In summary, spheroid formation appeared to depend on the number of E-cadherin binding sites available for cell-cell adhesions. Cultures with the lowest number of hepatocytes incorporated into spheroids correspond to those with the greatest inhibition of E-cadherin.
Loss of E-Cadherin Caused Cell Death of Primary Rat Hepatocyte Spheroid Cultures
Maximal inhibition of E-cadherin caused massive cell death and marked inhibition of spheroid formation in rocked culture. To verify whether DNA fragmentation, indicative of anoikis, was present within the Ecadherin-inhibited cultures we performed TUNEL anal-FACING COLUMN Figure 2 . Characterization of cell death triggered by E-cadherin inhibition. Cell death in hepatocyte spheroids was determined by quantification of the percentage of TUNEL-positive nuclei and caspase-3/7 activity after 24 h in culture. Freshly isolated rat hepatocytes (FIRH) were cultured under control (anti-mouse IgG) or E-cadherin inhibitory conditions: either with calcium depletion using 2.5 mM EGTA or E-cadherin blocking antibody at 10 µg/ml (Ecad Ab). (A) TUNEL-positive nuclei were observed in 5% of freshly isolated rat heptocytes (FIRH). After 24 h of rocked suspension culture, TUNEL-positive nuclei were observed in 12% of cells under control conditions, whereas EGTA and E-cad Ab treatment resulted in 85% and 98% TUNEL-positive nuclei. All comparisons to control conditions were highly significant (**p < 0.0001). The percentage of TUNEL-positive nuclei was quantified by dividing the total number of TUNEL-positive nuclei yses on paraffin sections of spheroids. Figure 2A ditions, combined caspase-3 and caspase-7 activities were measured (Fig. 2B ) and the presence of the active form of caspase-3 was identified by Western blot analysis (Fig. 2C) . Results show that EGTA treatment induced the greatest level of caspase activation, while no additional caspase activity was induced in cultures treated with anti-E-cadherin antibody compared to control conditions (Fig. 2B) . To determine when caspase-3 cleavage products were present in greater amounts in EGTA-treated cultures compared to control or anti-Ecadherin antibody conditions, Western blot analysis was performed on total protein lysates obtained at 6, 12, and 24 h (Fig. 2C ). Active caspase-3 protein was only detected in EGTA-treated cultures at 12 and 24 h. Cell death due to E-cadherin blocking antibody treatment did not involve a caspase-3/7-activated downstream mechanism.
Cell Death Was Independent of Caspase Activity and Inconsistent With an Anoikis Mechanism
Cultures were next treated with a general pan-caspase inhibitor, QVD-OPH, to determine whether any caspase activity was necessary for DNA fragmentation, as determined by the presence of TUNEL-positive nuclei, and subsequent cell death after direct E-cadherin inhibition (Fig. 3A) . Medium was also supplemented with L-carnitine, a known mitochondrial membrane permeability stabilizer (14) , to test whether cell death involved a loss of mitochondrial matrix permeability (MMP) after inhibition of E-cadherin adhesions (Fig. 3B ). Using Coulter chorages by anti-E-cadherin antibodies results in both a caspase-independent mechanism of cell death that could not be reversed through stabilization of MMP.
DISCUSSION
confocal images of E-cadherin staining demonstrated more E-cadherin intracellularly (2). The intracellular E-Cadherin attachment at cell-cell contacts has a known function in the suppression of anoikis. We ob-staining of E-cadherin suggested to us that reduced Ecadherin interactions on the hepatocyte surface may be served a dose-dependent response to spheroid formation. When E-cadherin engagement was blocked, spheroid responsible for increased cell loss observed in long-term spheroid cultures. Nonattachment after cryopreservation formation was abrogated; this resulted in cell death by a mechanism independent of caspase activation. We have of hepatocytes has also been associated with loss of Ecadherin gene expression and protein expression (17). previously shown that E-cadherin is present along the basolateral membrane between rat hepatocytes in spher-Of note, viability of cryopreserved hepatocytes was improved if they were allowed to form spheroids, and pre-oids formed by rocked technique at 24 h, but by 48 h sumably stabilize their cell-cell attachments, before spheroid cultures. Future studies identifying the mechanism of caspase-independent cell death due to changes cooling or vitrification (8, 12) .
Anoikis is thought to be the main mechanism of cell in E-cadherin availability at the cell surface would be insightful. death when cell-matrix and E-cadherin cell-cell interactions are perturbed in primary epithelial cells in vivo
